The research deals with the measure and evaluation of the unevenness and texture of road pavements, by means of unified procedures both for surveys and processing of acquired data, with the aim to represent the surface characteristics as a spectrum in the domain of spatial frequencies (or wavelengths). The texture properties, in fact, can be referred to many aspects of pavements performances, so allowing to establish thresholds for the acceptability of new construction or to ensure good working conditions for existing road infrastructures.
Introduction

Pavement Surface and Road Performances
The interactions between road pavement and vehicle tyres influence many factors, directly or indirectly related to safety and efficiency of road exercise. Various characteristics of road pavements have importance for these problems, but a primary role is reserved to the surface geometry. A road pavement, in fact, can be realized in different ways and using various materials, but in every case its surface is never perfectly flat, even and smooth. It is important to know in detail the characteristics of surface, in order to evaluate and to ensure the related functional performances (Henry & Dahir, 1979; Davis, 2001; Stroup-Gardiner et al., 2001) .
For this purposes, the geometry of a paved road surface is usually described by means of specific characteristics or properties, like the "texture", the "unevenness" or the "roughness" and the National and International Agencies provide methods and standard for their determination (ASTM/E965, 1996) ; these characteristics are generally evaluated along linear profiles on the road surface (ISO13473-1:1997), considering some alignments on the pavement, for example according to the longitudinal or the transversal direction.
The texture, in particular, is defined as "the deviation of a pavement surface from a true planar surface" (ISO13473-1:1997); similarly, the roughness (that is the most common manner to indicate the unevenness of a road surface, in a macroscopic scale) is defined as the vertical variation of the distance of real points of the pavement, along a profile, from an ideal reference plane (Sayers & Karamihas, 1998 ). It appears clear that the difference between the two cited properties is essentially due to the extension of the considered part of the pavement and to the wavelength and dimension of the gaps between the pavement and the ideal reference plan. In this sense, in the following of this paper, we will refer to the "texture" or to the "unevenness", meaning and including the entire domain of practical interest.
In fact, both technical organizations (PIARC, 1987) and authors (Descornet, 1989) classify the roads surface characteristics, referring to the wavelength (λ) of the irregularities, so defining four basic classes as a function of the domains of texture wavelengths (or, that is the same, according to the spatial frequency f, because the relation f = 1/): this classification is shown in the Figure 1 . Figure 1 . Definition of fundamental texture classes, as a function of the wavelengths or the spatial frequencies Among the most significant properties of a road pavement, affected by the surface texture, it is important to consider: friction, drainage, noise, brightness, wearing, comfort, and so on. Moreover, the interaction phenomena depend on the exercise conditions (speed, dimensions, masses and suspension of vehicles, road characteristics, environmental conditions, etc.) and, again, on the wavelengths of the unevenness.
A proposal for the identification of relationships between fields of texture wavelengths and interaction phenomena was presented by the World Road Association (PIARC, 1987) , as showed in the Table 1 . 
Methods for Measurements, Analysis and Evaluation
Road management Agencies periodically measure the pavement surface characteristics, with different methods and equipment, in order to verify the acceptance respect to limit values (target, alert, threshold, etc.) . The methods and equipment available may be one or more for each measured performance. Table 2 summarizes the commonly used measurement equipment for the pavement characteristics with the related technical standard. Table 2 . Examples of equipment for the measure of pavement performances
In general, many of these methods can be partially replaced by the measurement of pavement texture, in one or more appropriate range of wavelengths; pavement texture measurement methods, moreover, vary depending on the type of texture being evaluated (micro-, macro-texture, mega-texture, unevenness).
In effect, macro-, mega-texture and unevenness are currently measured with vehicle-mounted devices, that allow fast surveys and generally do not require any traffic control. Indeed, the microtexture cannot be measured directly, except in a laboratory, so it has to be indirectly estimated using low speed friction measurement devices (Wambold et al., 1995; Karamihas et al., 1999) .
The vehicles for fast surveys are equipped with a height measuring sensor (laser, ultrasonic, infrared, optical) , an odometer (a pulser on one of the front wheels) and an inertial reference unit (accelerometer); the system allows to collect surface elevation data at intervals of 0.25 mm or less for macrotexture and of 2.5 cm or more for megatexture and unevenness. The accuracy should be less than 0.1 mm for elevation data and less than 0.5% for longitudinal distance (Karamihas et al., 1999) .
The pavement profile is computed from a combination of longitudinal distance, height and acceleration measurements. The height sensors used in profilometers measure 16000 times or more per second (16 kHz). It is impractical to record and use all data that is transduced by the sensors in a profiler. Thus, data are recorded into computer memory at discrete intervals relating to speed vehicle and range of texture (sample interval, x).
Profiles can be processed in different ways to obtain both synthetic and global texture measurement indexes. Table 3 . Indexes for the characterization of pavement texture/unevenness
In particular, the spectral analysis of road profiles (Power Spectral Density PSD and other spectra) allows to analyse simultaneously and in continuous the texture/unevenness of pavement, so characterizing the most important properties. In fact, many studies show good correlations between the intrinsic properties of the pavements (functional, environmental and structural) and the related ranges of texture/unevenness.
In the range of unevenness, some relations between PSD and the indicators of road properties are given in (Kropac & Mucka, 2007; Sun, 2003) . Other researches (Cantisani & Loprencipe, 2010; Mucka & Granlund, 2012) show good correlations between synthetic index of road roughness (IRI) and whole body vibration. In (Bogsjö & Rychlik, 2009 ) a method for vehicle fatigue damage prediction, caused by a road with random irregularities is described. Ai and Martin (2012) have developed a new heavy vehicle roughness band index (HVRI) well correlated with PSD of road profiles. The wavelength range lying between macrotexture and unevenness is the main influencing factor of the rolling resistance (Descornet, 1990) . Steinauer and Ueckermann (2002) showed that a mathematical relationship exists between PSD and dynamic wheel loads.
In the range of mega-, macro-and micro-texture, many studies (Wambold et al., 1995; Ergun et al., 2005; Flintsch et al., 2003) have shown that the friction have a good correlation with synthetic indexes of pavement macrotexture (MPD, MTD, etc.). In addition, regarding to road safety, it is demonstrated a clear relationship between pavement macrotexture and crash occurrence (Cairney & Styles, 2005; Pulugurtha et al., 2010) . Various correlations and models have been proposed in the literature between road texture and rolling noise Hamet & Klein, 2000; Huschek, 1996; Rasmussen et al., 2007; Domenichini et al., 1999; Losa et al., 2010) .
It is possible to harmonize the characteristics of pavement texture regarding two or more performances (Descornet, 1989) . Recently, Alauddin and Tighe (2008) have focused on optimizing the surface characteristics regard to safety and noise.
It may be difficult for Road Agencies, to optimize all performances of pavements; for this reason normally they refer to synthetic indexes expressing only the most important performances. It would be useful to verify all required performances at the same time, over the entire field of surface characteristics, so considering the suitability of the pavement in a global assessment.
Generally, about performance indexes, it is possible to indicate the related acceptance limits; in Table 4 some reference limits for existing roads, referred to some measurable indexes or performance parameters, are shown. It is important to highlight that some parameters are expressed by means of numerical and standardized indexes related to pavement texture; on the other hand, considering other properties or performances (noise and structural properties), standardized indexes are not established and it is necessary to use literature correlations to assess the corresponding acceptance limits.
Methods for Pavement Profiles Analysis
Current measurements and surveys techniques allow to obtain a detailed texture characterization that can be used to define the requirements for design, construction and management of the road pavement. However, it seems necessary to propose a new procedure for the analysis and evaluation of data coming from surveys. The proposal presented in this paper consists in an unified analysis, over the entire range of wavelengths (or frequencies) having practical interest, of the data representing road profiles; in this way, it will be possible to establish the acceptability field of the parameters, referred to an unique indicator that represents the texture level.
In particular, the suggested indicator consists in an expression of the texture referred to its amplitudes respect to spatial frequencies. In fact, although the representation in the space domain would be the most natural expression for a road pavement profile, it appears more interesting to analyse the profiles in the domain of spatial frequencies, so representing them as a sum of sinusoidal waves; this kind of treatment is named "generalized harmonic analysis".
Starting from the measure of road profiles, obtained with the use of a constant sampling step, it is possible to decompose them in sinusoidal waves. The texture, indeed, can be considered as a random wave-like phenomenon, and therefore it is possible to obtain, for it, the discrete function of Power Spectral Density (PSD) of amplitudes (Thompson, 1958; Ahmadi & Salami, 2010; Li et al., 2009 ).
The Technical Specification ISO 13473-4 defines the methods that should be used to implement a spectral analysis of pavement surface, starting from measured profiles. The result of the frequency analysis is a texture spectrum, usually expressed in one-third-octave bandwidth (or in another fractional-octave-band).
This Technical Specification offers three alternative methods to obtain the spectra; the third method offers greater flexibility in choosing analysis parameters and uses a constant narrow bandwidth frequency analysis by means of Discrete Fourier Transform (DFT), followed by a transformation of the narrow-band spectrum to an octave-or one-third-octave-band spectrum, so obtaining the spectrum of texture level.
In this paper the third method has been implemented to characterize the texture of test pavements, starting to their measured profiles. In Figure 3 the flow chart of applied method is shown. The following processes are necessary:
Anti-aliasing filtering: this filter is first used on a special signal sampler of profile, to restrict the bandwidth of a signal in order to approximately satisfy the Nyquist-Shannon sampling theorem.
Digital sampling: the measured pavement profiles are performed at spatial sampling intervals x that are determined according to ISO 13473-3 for the shortest wavelength involved in the spectral analysis. For each range of texture the shortest wavelength is different, therefore the profilometers should be able to perform different spatial sampling intervals x (x macro , x mega , x unev ).
Treatments of drop-outs: in consequence to local operating conditions of height measuring sensor, some measure are invalid; for a pavement profile, if the drop-out rate is not more than 10% then a linear interpolation may be used to replace the invalid samples.
Slope and offset suppression: in consequence to operating principle of each profiler, the samples are referred to a relative reference and normally in the pavement may be present some section with longitudinal slope. If the Z n (x) is the native measurement profile is necessary to obtain a profile Z(x) for which both mean level and longitudinal slope of the profile have to be brought to zero.
Windowing: to perform the spectral analysis should be applied to profile a Fourier Transform, for continuous signal, that may be applied also to a sampling discrete signal (Discrete Fourier Transform). This analysis is based on the assumption that the input discrete signal repeats itself with a period equal to the signal duration. The singles signals may be linked only if at the edges of each discrete signal there are the same values equal to zero. The windowing reduces the signal to zero at the edges limiting the attenuation of the signal out of the edges. The general equation for determining the windowed profile Z i,win starting to original profile Z i is given in Equation (1) , 1 2 0 for 0,1,..., 1 1
where w i is a set of coefficients that change the original profile to reduce this effect known as "leakage". where j is the imaginary unit j 1
In general, for the time series of signal, DFT realizes a transformation from the time domain (s) to the frequency domain (Hz, 1/s). In the case of road profiles the digitized input signal is always real and there isn't a time series but a measured distance. Therefore, for the road profile DFT involves a transformation from the distance domain (in m) to the spatial frequency domain (in cycle/m or 1/ where  is the wavelength).
The result of the DFT is a constant bandwidth narrow band spectrum f with complex values. The bandwidth Δf depends on the discrete profile length L = (N-1)* Δx and is equal to: Vol. 7, No. 8; Δf = 1/L (3)
To ensure that Z k is independent on the length L of the discrete signal, it is necessary to use a window function (windowing). For this reason, the Z i in Equation (2) should be a windowed signal (Z i,win 
The result is a constant bandwidth spectrum; we can use different f one for each considered range; for example, for unevenness range, we can adopt f unev = 1/L unev = 1/100 = 0.01 c/m where L unev = 100 m is the evaluation length of pavement profiles useful to evaluate a wavelength in one-third-octave bands spectral analysis  max,unev = 6.7 m; for macrotexture range, we can adopt f macro = 1/L macro = 1/1 = 1 c/m where L macro = 1 m is the evaluation length of pavement profiles useful to evaluate a wavelength in one-third-octave bands spectral analysis  max,macro = 0.067 m.
Further processing of the PSD is possible; the table shows others ways to express the spectral texture unit. 
The transformation of a constant bandwidth spectrum to a constant-percentage bandwidth spectrum can be made using the procedure proposed by ISO8608.
A Proposal for an Optimized Area for Road Performances
In previous sections, it was established that texture and unevenness properties can be effective to represent a road pavement, with reference to various performances, both for the acceptance of new road works and to decide when it is necessary to plan some maintenance interventions. The texture characteristics are really suitable because they are reliable (respect to possible environmental and local factors that can alter the measurements of real road conditions), easy to determine and clear to identify.
However, as previously said, some interaction phenomena are affected in an opposite way by the level of texture, in the same wavelengths domain. A significant example is given by friction and rolling noise: in the macrotexture domain (wavelengths from 0.5 mm to 50 mm, spatial frequencies from 2000 c/m to 20 c/m) an increase of the macrotexture determines better performances of the road surface respect to the friction, especially in wet conditions and for vehicles' high speeds, but, on the other hand, it also produces an higher noise level. For this reason, with the aim to optimize the performances of the road pavement in the macrotexture domain, it is possible to set an interval of values for the selected texture indicator (in particular, the texture level): the lower limit of the interval will be related to the friction performance, the upper one will be decided according to the purpose to generate an acceptable rolling noise.
If we generalize the above proposed criteria, an "optimized area" can be defined, in the graph representing frequency vs. texture level (see Figure 4) ; this area defines a field where the spectrum of a pavement texture has to fit into, to ensure an adequate behaviour respect all the performances related to tyres-pavement interactions. If the texture index overpasses the boundary of the area, some adjustments will be necessary to restore the optimal conditions. Vol. 7, No. 8; Figure 7. Verification of acceptance limits for the pavements considered as case study
If we draw in a graph representing frequency vs. texture level the limits of the optimized area (both for low noise pavements and normal pavements) and the spectra of the 11 pavements, considered as a case study Figure 7 , we can see that some surfaces fit into and other overpass the boundaries of the area; this condition means that some pavements can be accepted respect to the established limits of performance parameters and the other ones are not acceptable. In particular, as expected, the low noise pavements defined in the TINO research project satisfy the requirements for all the wavelengths considered ranges.
Conclusions
The geometry of road surfaces, that can be expressed in terms of texture or unevenness, is related to many characteristics and performances of pavements. The effects regard the safety of road exercise (friction, drainage, dynamic control of vehicle), the structural properties of the infrastructure (distress and deflection of pavement, dynamic load), the functionality and the efficiency of the entire system (comfort, fuel consumption, wearing of tyres, emissions, pollutions, …) also with regard to the natural environment.
The interaction phenomena also depend on the domain of irregularities of road surface (unevenness, mega-, macro-and micro-texture). In particular, there are some conflicting effects, for which a greater or lesser level of texture can result in a better or worse performance of the pavement.
The availability of modern measurement techniques and advanced devices allows to acquire in continuous the data needed for the geometric characterization of pavements; also the costs, in terms of time and equipment, is relatively limited and there are few interferences with the normal exercise. Therefore, it seems useful to introduce some comprehensive methods for the analysis and evaluation of the acquired data, according, moreover, to previous studies and researches that propose synthetic representations or indicators for the performances of road surfaces (Alauddin & Tighe, 2008) . In particular, the analysis of the content in terms of spatial frequency of the profiles, measured on the pavement, may allow to determine the PSD function of the amplitudes and the deriving variables (the RMS of amplitudes or, more frequently, the level of texture), in the entire range of frequencies (or wavelengths) which has a practical interest.
So, it is possible to obtain a spectrum of texture, characteristic for each pavement, which effectively represents the surface geometry. This spectrum can be compared to an optimized area; if it fit into the area, the pavement achieves a good compromise between all the functional requirements, instead, if the pavement overpasses the boundary, it is necessary to plan some maintenance or rebuilding works. The limits of this optimized area can be established on the basis of correlations between road performances and texture, coming from the literature or according to decision criteria that can consider the specific characteristics of road infrastructures.
Referring to this last consideration, it is important to observe that the proposed methodology can result very useful for road Agencies or Companies which supervise on road networks, because they can decide the functional requirements according to technical and strategic role of the infrastructures (i.e., differentiating the optimization limits for freeways or highways respect to rural roads) and taking into account the expectation of users that are interested in. It would be possible to decide both the technical standards to ensure for new constructions or for the acceptance of re-paving works and to define the criteria to plan the maintenance Vol. 7, No. 8; activities, required when a pavement loses its properties, as a result of wearing due to traffic and environmental factors.
